This paper introduces a new operational scheme for several multilevel (five-level diode-clamped) inverters in the microgrid. The presented operational scheme has a central structure (different from the distributed controllers for droop schemes) to alleviate the drawback of the conventional droop control for microgrid operation. The contribution of this paper is focused on the suggested operational scheme, which has two contributory components. The first component is the novel smooth variable structure filters (SVSF), which are formulated to estimate the disturbances of voltage harmonics and voltage unbalance. The second component is an efficient adaptive sliding mode controller to operate these inverters. This proposed operational achieves equal power sharing among working inverters, compensating for voltage unbalance at the point of common coupling (PCC) at loads, and mitigation for voltage harmonics at the PCC. More importantly, the propounded operational scheme efficiently stabilizes voltage with the variation of balanced, unbalanced, and non-linear loads in addition to the seamless transient and steady-state performance for injected power by inverters. The performance of the suggested operational scheme is justified by simulation results.
INTRODUCTION
The microgrid has become into the focus of research at the distribution system level because microgrid fetches some merits such as low-carbon emission, its modularity, integration of renewable dispersed energy sources, and its ability to work independently or connected to the central power grid (Jiayi et al., 2008; Mariam et al., 2013) . In addition to aforementioned merits, any microgrid has also several challenges such as the stability of voltage and frequency with variable loads, existence of harmonics due to non-linear loads, control of dispersed energy sources, circulating current among inverters, existence of inverters associated with renewable energy sources, and procedure for connection/disconnection to/from the central grid (Parhizi et al., 2015; Hirsch et al., 2018) .
The operational scheme for the microgrid becomes a challenging research topic because it is supposed for this scheme to realize several simultaneous objectives. Therefore, some publications survey/review the types/structures of operational/control schemes employed to operate the microgrid (Huang et al., 2011; Vandoorn et al., 2013; Canizares and Palma-Behnke, 2014; Han et al., 2016a; Rajesh et al., 2017; Sen and Kumar, 2018) . The idea presented in this paper focuses on how the voltage harmonics and voltage unbalance are mitigated in addition to stabilizing the voltage at the loads' side with different loading conditions for linear and non-linear loads. Therefore, the coming literature survey explicates the state-of-art for the mitigation and extraction tools for harmonics and voltage unbalance within microgrid environments.
The conventional droop control has two levels (primary and secondary), and the voltage unbalance is compensated at the secondary level by the control action of the proportional integral (PI) controller (Lexuan et al., 2015) . This presented droop control in Lexuan et al. (2015) is used to equalize the power among three two-level inverters, and there are no details on how the negative-sequence is extracted. Another enhanced control scheme is designed for a four-leg inverter (Moghaddam et al., 2018) . This inverter is powered by a battery based energy storage system under unbalanced and non-linear loads. The operational scheme of this inverter is operated using the decoupled model in the d − q frame such that the total harmonic distortion (THD) and unbalance factors are reduced. A hierarchical droop control of Savaghebi et al. (2012) includes the primary and secondary control levels. Its primary control has a local droop control for active and reactive power. Meanwhile, the central secondary controller is designed to manage the compensation of voltage unbalance at the PCC in the microgrid. An operational scheme including double control loops for the positive and negative-sequence currents in the d − q frame is developed to mitigate the current unbalance (Reyes et al., 2012) . This presented control scheme is further improved by adding a filter to get rid of double the fundamental frequency in this frame. The droop control scheme presented in Ren et al. (2018) is integrated with voltage unbalance compensation, but this paper does not give details of how voltage unbalance is extracted and mitigated. Another multi-function operational scheme, which handles voltage unbalance compensation, harmonic power sharing, selective virtual harmonic impedance, virtual fundamental impedance, and conventional droop control is introduced in Han et al. (2016b) . Its secondary loop is employed to restore the voltage and frequency to their normal values with help of proportional resonant (PR) controllers. Meanwhile, its primary control loop operates the inverters such that the power is equally divided among the working inverters. A virtual impedance loop inside the droop control scheme is modified to include the voltage unbalance and harmonics compensation (Liu et al., 2014) , in which the harmonic voltage drop and unbalanced voltage drop are mitigated by the control action of PR and PI controllers. New cascaded loops of voltage and current for the positive and negative-sequence voltages are proposed in Acharya et al. (2019) , and the extraction of the negative-sequence voltage and current is done using passive filters in the d − q frame. The proposed scheme of Acharya et al. (2019) achieves a reduction of the negative unbalance factor to be smaller than 2%. The conventional droop control along with two traditional levels (primary and secondary) is suggested in Savaghebi et al. (2011 Savaghebi et al. ( , 2013 , at which the secondary control level of the droop scheme is used to calculate the power of negative-sequence components (voltage and current) and converted into a reference voltage. This reference voltage is summed with other references to operate the primary control level. Another cascaded structure of voltage and current control loops for each working inverter is introduced in Zhao et al. (2015) , where the virtual impedance loop contributes to the voltage references, and these references are applied to the voltage loop. The extraction of the negative-sequence voltage in Zhao et al. (2015) is conducted in the d − q frame using a passive filter. Thus, this extracted negative-sequence voltage is converted into a voltage reference that is augmented with other voltage references. Another technique for compensating voltage unbalance is realized by the extraction and mitigation of the negative-sequence current (Shi et al., 2016) , which is extracted and converted into a current reference that is applied to the current loop of the primary control level in its droop scheme.
This paper introduces a new technique for the extraction of voltage disturbances (particularly voltage unbalance and harmonics). The forthcoming paragraph gives a brief survey about the different extraction/estimation tools that have been developed to estimate those voltage disturbances. The most common technique to extract the voltage unbalance is to convert the phase voltages from the a-b-c natural frame to the d − q frame, and then a low-pass filter is used to distinguish between the positive and negative-sequence voltages (Reyes et al., 2012; Moghaddam et al., 2018; Acharya et al., 2019) . The estimation of voltage unbalance is also reported in Javier Alcántara and Salmerón (2005) by three blocks of the neural network: The 1st block is to estimate the Parks vector and the zero-sequence voltage, while the 2nd block is employed to estimate the harmonics, and the 3rd block is dedicated to estimate the voltage unbalance components. The adaptive linear neuron (ADALINE) is used to estimate the negative-and positive-sequence components, it works well, but its formulation is based on matrix equations, which consume much time for its calculation (Marei et al., 2004) . The extended Kalman filter is developed to estimate the positive and negatives-sequence voltage in the α − β frame (Sun and Sahinoglu, 2011) , and the extended part of Kalman filter is used to detect any variation in the fundamental frequency. The linear Kalman filter is adopted to estimate the positive and negative-sequence voltage (Soliman and El-hawary, 1997) , in which the developed model presents the state transitional matrix in the form of an identity matrix, and the measurements matrix varies with time. The presented results in Soliman and El-hawary (1997) show an accurate estimation, but the existence of harmonics is not included.
Most of aforementioned publications (Savaghebi et al., 2011 (Savaghebi et al., , 2012 (Savaghebi et al., , 2013 Reyes et al., 2012; Liu et al., 2014; Lexuan et al., 2015; Zhao et al., 2015; Han et al., 2016b; Shi et al., 2016; Moghaddam et al., 2018; Ren et al., 2018; Acharya et al., 2019) , are related to the extraction and mitigation of voltage disturbances in the microgrid, and some of these publications suffer some flaws such as,
• The mitigation of the voltage unbalance is done through the droop control scheme at the secondary control level, which adds more complexity to the employed droop operational scheme. • The voltage unbalance is calculated in the α − β frame or d − q frame using the PLL and passive filters, which lead to error in the magnitude of extracted unbalance components. • The mitigation of voltage unbalance is done through the negative-sequence voltage only; meanwhile, the connection of the microgrid to the ground is common (Mohammadi et al., 2019) , which yields zero-sequence components in the microgrid. In the most of publications (Savaghebi et al., 2011 (Savaghebi et al., , 2012 (Savaghebi et al., , 2013 Reyes et al., 2012; Liu et al., 2014; Lexuan et al., 2015; Zhao et al., 2015; Han et al., 2016b; Shi et al., 2016; Moghaddam et al., 2018; Ren et al., 2018; Acharya et al., 2019) , the zero-sequence voltage is not considered for mitigation in the microgrid.
The contribution of this paper is exemplified in the development of an operational scheme, which is designed in such a way to alleviate the preceding drawbacks in addition to stabilizing the voltage at any variation in loading conditions of the microgrid.
The operational scheme has two main contributory points: Estimation of voltage disturbances and controlling of multilevel inverters. The paper is organized in five main sections. The second section demonstrates the microgrid under study. The third section shows the operational scheme along with the formulation of the smooth variable structure filter to estimate the current harmonics and voltage unbalance. The fourth section illustrates simulation results. The last section summarizes the findings of the paper.
MICROGRID UNDER STUDY
The microgrid under study, shown in Figure 1 , has three dispersed energy sources, which are PV solar arrays connected to battery systems. Their harvested energies are injected to the microgrid through three inverters; each three-phase inverter consists of three single-phase fullbridge five-level diode-clamped inverters whose topology and its output voltage waveforms are already given in Figures 2A,B , respectively. In this research, all inverters are have the same topology as shown in Figure 2A and have the same rating as written in Table 1 . The loads in the microgrid are groups of balanced, unbalanced, and non-linear loads. The parameters of the microgrid are given in Table 1 .
Each inverter circuit is operated by the phase-disposition pulse width modulation (PD-PWM), where the control signal is compared to four carrier signals with 3-kHz to operate the first leg for switches from S1 to S8 in Figure 2A and the inverted control signal is used to operate the other leg of switches from S9 to S16 in Figure 2A . The details of its operation are documented in Elnady and Suleiman (2017) .
PROPOSED OPERATIONAL SCHEME
The contribution of this paper includes two mains components, which are the development of the novel SVSF for the estimation of voltage harmonics/unbalance and the employment of adaptive sliding mode controller to operate the inverters. This section is divided into three different subsections. The first subsection is related to the development of the SVSF to estimate the disturbances, the second subsection shows the formulation of the adaptive sliding mode controller, and the last subsection illustrates the structure of the whole operational/control scheme of the microgrid.
Smooth Variable Structure Filter
The Smooth Variable Structure Filter (SVSF) is a new estimation filter that was recently developed and evolved through several works such as Al-Shabi et al. (2013), Gadsden et al. (2015) , and Al-Shabi and Elnady (2019) . The basic idea is that the SVSF uses a switching hyperplane from the measurement and forces the estimate to be in its neighborhood. This filter will be newly formulated in this work to estimate the voltage harmonics and unbalance in the microgrid of Figure 1 . The mechanism of operation for the SVSF is simple, it can be summarized as, Firstly: an unrefined estimate is obtained as follows:
where, X unrefined,k is the in-phase of the voltage harmonics and is defined as,
A and H are the voltage harmonics in the microgrid and measurement matrices are they are defined as,
cos ω n kT s − sin ω n kT s (4) T s is the sampling time, and z unrefined,k is the total voltage harmonics and are defined as,
This step is similar to the one used in Kalman filter presented in Girgis et al. (1991) .
Secondly, the estimate is refined to its final refined value as follow:
where
and ψ is the boundary layer to be tuned to obtain the best results. For simplicity, γ is assumed to have a value of zero. This proposed filter is simpler than the Kalman filter in three main points
• The formulation using Kalman filter depends on calculating the covariance matrix and updating it continuously. Then, this updated covariance matrix is used to calculate the corrective gain, which is the refined estimate.
• The noise covariance matrices of Kalman filter (Q and R) are not easy to be tuned (Girgis et al., 1991) . No information can be obtained for the microgrid noise. Moreover, this noise cannot be assumed as white noise as in Kalman filter, as it includes of voltage and current harmonics. • Formulation of this proposed filter [as given in (1) and (6) (7) (8) ] is also easier than the perdition-correction formulation of Kalman filter (Girgis et al., 1991) . After the fundamental voltage and voltage harmonics are estimated using the formulation given in (1) (2) (3) (4) (5) (6) (7) (8) . This estimated fundamental voltage contains the unbalance components. The same procedure was used to extract the unbalanced voltages. Its formulation is similar to the previous formulation such that the state-space form in (9) for positive and negative-sequence voltages replaces (2), and it is written as,
also replacing (3) and (4) 
and finally replacing z k with
The refined estimates are given as follow:
where W i,k is the ith row of the matrix/vector W at time step k. The positive and negative-sequence voltages are then obtained in (14) Adaptive SMC parameters for current loop for positive and negative loops Finally, the previous formulation estimates the voltage harmonics and voltage unbalance in two different stages. The 1st stage [formulation from (1) to (8)] is used to estimate the fundamental voltage and harmonics, while the 2nd stage [formulation (1), (6-8), (9-14)] receives the fundamental voltage from the 1 st stage and it produces the voltage unbalance components (positive, negative, and zero-sequence voltages). All these estimated voltage disturbances/components are used in the operational scheme as will explained later.
Adaptive Sliding Mode Control
The adaptive sliding mode control adopted in this paper comprises of two inputs to form its control law. The suggested control law is based on the state-space model of the microgrid depicted in Figure 1 , this state-space model is deduced and given for the positive sequence components in the d-q rotating frame as,
where E is the injected voltage of the inverters, V PCC is the voltage at the loads' side. R and L are the equivalent resistance and inductance of the main feeders inside the microgrid between E bus and V PCC bus. I loads is the equivalent current of loads. The previous equations can be rewritten in a state space form as, 
Equations (15) and (16) are general and can be used for the positive-sequence and negative-sequence components as well with changing the sign of ω. The suggested control law is expressed as,
Each term in (17) represents the required input (injected) voltage by each inverter to the system in order to realize the objective of the control scheme. The u dis is the discrete input that transfers the system's states from a certain sliding manifold (surface) to another, while u eq is the equivalent input that keeps the system's states on a certain sliding manifold. This sliding manifold is innovatively defined by an integral form as,
where n is the number of states, λ 1 and λ 2 are positive constants, and e is the error which is defined as,
The u eq is designed such that the system with the sliding mode controller becomes stable, the system stability is justified by Lyapunov stability criterion such that a certain Lyapunov function is selected to express the distance between the system's state and sliding manifold, its definition is written as, Finally, the equivalent input of the control law u eq is given by,
The matrices (A, B, F) of (23) are obtained from their definition in (16) for positive and negative-sequence components based on the system's parameters of Table 1 . The discrete input of the control law u dis is deducted from Huang et al. (2008) and defined by its adaptive form for the positive and negative-sequence components as,
Eventually, the suggested sliding surface in (18) and its control law in (17) along with its two terms in (23) and (24) are employed to control the inverters in such a way to inject a certain voltage, which is used to realize all objectives of the suggested operational/control scheme.
Structure of Operational Scheme
The previous two subsections attribute the contribution of this paper along with the suggested structure of the operational scheme, which is given in Figure 3 . The operational scheme has two contributory components, which are the estimation for disturbances using SVSF and the adaptive SMC based control scheme to operate the inverters. The objective of the estimation tool, SVSF, along with the developed state-space models is to estimate/extract voltage harmonics (1-8) and voltage unbalance (9) (10) (11) (12) (13) (14) , which are used to get the feedback voltages in the operational scheme of Figure 3 . The positive-sequence voltage represents the dominant voltage in the microgrid, while the negative-sequence voltage represents the most common disturbance in the microgrid. Therefore, these two loops are controlled using cascaded structure of voltage and current control loops. The voltage control loop receives the required voltages (set values) based on the values given in Table 1 , and it produces current references to the current control loop. The current control loop is the corner stone in this control scheme because it deals with non-linear systems (inverters along with switching modulation and the grid). Thus, its controller should provide adaptive and fast characteristics toward any change in loads. The adopted controller in the voltage loop is the PI controller and the utilized controller in the current loop is the adaptive SMC. Both harmonics mitigation and unbalance compensation are realized after the extraction of their disturbances using the two estimation blocks depicted in Figure 3 , and then these disturbances are processed to generate corresponding control signals. Consequently, these control signal are augmented to operate the PD-PWM and inject particular voltages as illustrated in Figure 3 . Finally, these voltages are employed to cancel voltage unbalance and harmonics at the PCC. The frequency of the generated voltage by inverters in the microgrid is constant because the frequency of the control signal, used to drive the PD-PWM and generate the injected voltage, is obtained from a constant crystal clock (fixed frequency source) as depicted in Figure 3 . More importantly, the frequency of this control signal within the switching modulation (PD-PWM) does not change with any load changes. Thus, the frequency of the injected voltage does not change with any load change accordingly. This point is considered as a great advantage compared to the conventional droop control schemes, at which both the frequency and magnitude of the injected voltage change with any variation in loads (Huang et al., 2011; Canizares and Palma-Behnke, 2014; Sen and Kumar, 2018) . These voltage changes should be corrected at the secondary control level within the droop schemes. This voltage correction adds more complexity to the employed control scheme.
SIMULATION RESULTS
This section is divided into several subsections. The first subsection illustrates the performance of the SVSF for estimation of the voltage harmonics and unbalance. The second subsection displays the performance of the presented controller. The last section shows the performance of the whole operational scheme. All results of coming subsections are obtained when the microgrid has several loads (referred to primary side of Tr 4 ), changing as follows: • From t = 0 to t = 2 s, the 1st balanced three-phase load of Z load1 = 55 + 18.84jand 2nd balanced three-phase load of Z load2 = 65 + 31.4j are connected in parallel in the microgrid. • From t = 2 s to t = 4 s, the 2nd load Z load1 is disconnected.
• From t = 4 to t = 6 s, the 1st unbalanced three-phase load is connected to the microgrid with the values of Z 1−ph−a = 25 + 6.28j, Z 1−ph−b = 50 + 31.4j, Z 1−ph−c = 35 + 15.7j. • From t = 6 s to t = 8 s, the 2nd unbalanced three-phase load is connected to the microgrid with the values of Z 2−ph−a = 30 + 9.42j, Z 2−ph−b = 33 + 11j, Z 2−ph−c = 45 + 14.13j. • From t = 8 s to t = 10 s, a non-linear load of full rectifier circuit with an inductive load is connected to the microgrid with R = 100 , H = 50 mH.
Performance of SVSF
The formulation of the SVSF along with the harmonics state-space equations presented before is used to estimate the fundamental voltage and voltage harmonics (1st stage estimation); then, the estimated three-phase fundamental voltages are applied on another SVSF to estimate the positive, negative, and zero-sequence voltages (2nd stage estimation). The instantaneous estimation performance of the 1st stage SVSF for the fundamental and some voltage harmonics is given in Figures 4A,B for fundamental voltage and voltage harmonics, respectively. The instantaneous estimated fundamental voltage is displayed with the actual distorted voltage at the PCC for one phase. The voltage harmonics in Figure 4B are estimated using the SVSF with the state-space formulation presented in section Smooth variable structure filter. The performance of the 2nd stage SVSF is depicted in Figure 5 , where it shows the instantaneous estimation of the voltage unbalance components for the 2nd unbalanced loads.
Performance of Adaptive Sliding Mode Controller
The performance of control scheme is displayed in this subsection. The development of the adopted controller is described in section Adaptive sliding mode control. The controller parameters for both loops are given in Table 2 . This presented controller is compared with regular PI controllers to prove its meritorious performance. Simply, these PI controllers are replaced the adaptive SMC in the scheme of Figure 3 . The parameters of the PI controllers for their best performance are tuned by the empirical modified Ziegler-Nichols method, and they are listed in Table 3 . The performance of the adaptive SMC is depicted in Figure 6A , where it shows its performance with that of the regular PI controllers whose parameters are tuned using Ziegler-Nichols method. The good performance of the voltage stability at the PCC emanates from the control action in the current loops. The current reference and its feedback for the direct axis current control (just as an example) are depicted in Figure 6B .
Performance of Operational Scheme
The suggested operational scheme belongs to the central control category and its output is applied to all inverters at the same time (Huang et al., 2011; Canizares and Palma-Behnke, 2014; Rajesh et al., 2017; Sen and Kumar, 2018 Palma-Behnke (2014), Han et al. (2016a) , and Sen and Kumar (2018) .
Power Sharing Among Inverters in Microgrid
One major advantage of this control scheme is its central structure. Meaning, the output control signals are applied on all inverters at the same time, which yields equal power sharing among the working inverters. Even if one inverter is lost for any reason, the other working inverters share the whole load power. The power of each inverter vs. the total load power is given in Figure 7 , which shows equal power (active and reactive) for all three inverters. In Figure 7B , the reactive power of each inverter is close to the reactive power of other inverters; consequently, they look above each other.
Voltage Unbalance Mitigation in Microgrid
The mitigation of the voltage unbalance starts with the extraction of the unbalance components (positive, negative, and zero-sequence voltages), this extraction process is conducted continuously through the state variable structure filters block for voltage unbalance in Figure 3 . The output of this block is minimal and neglected in case the loads are balanced. If the loads are unbalanced, then the unbalance components are considerable, and these components are extracted, processed, and mitigated as will be illustrated in Figures 8, 9 . The three-phase unbalanced voltages are shown in Figure 8A . Their estimated voltage unbalance components are already given in Figure 5 . These voltages are processed by the scheme of Figure 3 to generate a voltage reference. The three-phase voltages with the mitigation of the negative-sequence and zero-sequence components are apparent in Figure 8B . The efficiency of the mitigation for voltage unbalance is justified by the negative and zero unbalance factor (defined in IEEE Std. 1159-1995) as,
The efficiency of the voltage waveforms given in Figure 8 is affirmed by the negative-and zero-unbalance factor without and with the activation of the negative-voltage control loop and zero-voltage loop. These negative-and zero-unbalance factors are shown in Figures 9A,B , respectively. With the activation of the unbalance loop, the negative-and zero-unbalance factors (UVF − , UVF 0 ) are less 2% as stipulated in IEEE Std. 1159-1995.
Voltage Harmonics Mitigation in Microgrid
Starting from t = 8 s, the non-linear load is connected to the microgrid, which injects current harmonics such as 3rd, 5th, 7th, 11th, 13th, . . . etc. In this research, these harmonics are estimated through the formulation given in section Smooth variable structure filter. The three-phase voltages at the PCC without and with the activation of the harmonics loop is depicted in Figures 10A,B , respectively. The efficiency of harmonics mitigation is affirmed by the total harmonic distortion and harmonic spectrum. The harmonic spectrum without and with the activation of the harmonic mitigation loop is illustrated in Figures 11A,B , respectively. The harmonic spectrum reflects the THD at the PCC, which is transferred from 9 to 3%. The good performance for stabilizing the voltage and power sharing at loads side is verified by the preceding simulation results. For the real time implementation, it is expected to have a slight difference in results for equal power sharing because identical inverters along with their operation cannot be practically guaranteed, which may lead to unequal power generation among the inverters and a small circulating current due to a small difference in the generated voltage by each inverter.
CONCLUSION
This paper presents an effective operational/control scheme, which is able to achieve some objectives in the microgrid. These multiple objectives of the operational scheme have been realized because the proposed scheme has two main contributory components. The 1st component is the newly developed SVSF, which is used to estimate all voltage disturbances under study in this paper. The 2nd component is the adaptive SMC along with its integral sliding surface, which gives a seamless transient and steady-space performance for the injected voltage/power of inverters. The integration of the SVSF and adaptive SMC enables the operational scheme to give the optimum required voltage/power performance at the loads. The voltage is stabilized at the PCC to 1 pu for any loading condition. In addition, the unbalance factors (negative and zero-sequence voltages) at the PCC become <2%, and voltage harmonics (3rd, 5th, 7th, 11th, 13th, 17th) at the PCC are smaller than 5%. More importantly, the loads' power is equally shared among the working inverters.
